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tor. It is shown that theories which accommodate standard model neutrinos as dark radiation are
resurrected. Sterile neutrinos bridge the visible and the dark sector and can keep their mutual in-
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and observational constraints from particle physics and cosmology.
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I. INTRODUCTION
Although much is known about the properties dark
matter is required to possess, its precise nature still
eludes us. Standard model extensions include particle
candidates that are classified as cold and warm dark mat-
ter, e.g. sterile neutrinos [1], both of which allow to form
cosmic large-scale structures in accordance with obser-
vations, but at the same time give rise to challenges on
small scales known as the “missing satellite”, “cusp vs
core” and “too big to fail” problems; for an overview of
these issues see Ref. [2].
Hierarchical structure formation in cold dark matter
(CDM) requires, among other prerequisites, a kinetic de-
coupling from some radiation component after big bang
nuclesynthesis (BBN) [2]; for a general analysis of CDM
models with late decoupling see Ref. [3]. Almost ten
years ago an extremely interesting idea appeared, ques-
tioning whether such a radiation component is required
to belong to the dark sector extending the standard
model (SM), or whether it could belong to the particle
spectrum of the standard model. As a response to this
question so-called leptophilic models arose [4] that could
address the small-scale crisis. It soon became clear that
neither charged leptons [5] nor photons [6] can play such
a role due to the strong constraints from observations
of the cosmic microwave background (CMB) radiation.
The focus turned on neutrinophilic theories, where the
communication channel with the dark sector is kept ef-
fective for a sufficient time duration by SM neutrinos [5].
It was already known that some neutrinophilic theories
involving vector mediators were able to solve the small-
scale problems [7]. However, the parameter space of these
attempts is severely constrained by weak decays of SM
bosons, and, as a matter of fact, enjoys no intersection [8]
with the parameter space required to address the small-
scale crisis. Parallel to this development, neutrinophilic
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theories with a scalar mediator were also ruled out; see
Refs. [9, 10]. As stated in Ref. [6], the radiation com-
ponent that is responsible for keeping cold dark matter
in kinetic equilibrium for a sufficiently long period, if ex-
istent, should belong to the dark sector extending the
standard model.
The scientific objective of this article is a proof of con-
cept for a purely phenomenological model, which resur-
rects the neutrinophilic theories and provides clear so-
lutions to the large- and small-scale structure formation
problems, while respecting all constraints from experi-
ments and consistency considerations, as well as the SM
symmetries. To the best of our knowledge, there is no
model in the literature that successfully addresses cos-
mic structure formation, satisfies all these constraints
and employs SM neutrinos as the last scattering partners
for CDM, while still providing ultraviolet completeness,
zero dark photon/photon mixing at one loop [11], which
is strongly constrained [6], and compatibility with big
bang nucleosythesis [12].
This article is organized as follows. In Sec. II the
standard model is extended by a phenomenological dark
sector. Its particle spectrum is justified and the rele-
vant interactions are introduced. The following section
is devoted to calculating cross sections and decay rates
that are pertinent for the cosmological implications of
this model. In Sec. IV we consider the constraints from
particle physics and cosmology and consider how they
restrict the parameter space. This allows us to compute
the most important cosmological observables, like relic
abundance, decoupling temperature and damping scales,
in Sec. V. By comparing these quantities with recent
experimental results we give the mass spectrum of the
theory in Sec. VI. We summarize the results and con-
clude in Sec. VII.
II. SINGLETS IN THE DARK SECTOR
In this section, the dark sector and its coupling to the
visible sector are described in detail.
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2Symm.
Fields
F n S Φ X
SU (3) × SU (2) × U (1) (1,1, 0) (1,1, 0) (1,1, 0) (1,1, 0) (1,1, 0)
Z2 − + + − +
TABLE I. The particles in the dark sector and their charges:
they are total singlets regarding the SM gauge group and
carry zero charges. A “+” in the third row, indicates a Z2-
even symmetry, while a “−” a Z2-odd one.
The proposed extension of the standard model Lext
consists of a dark sector Lds and a neutrino bridge Lnb
Lext = Lds + Lnb . (1)
The dark sector contains a fermion F , a sterile neutrino n
and three real scalars S,Φ, X. One notices that this field
content admits the same number of degrees of freedom
(d.o.f.) as in the original vector neutrinophilic theory [7],
which was ruled out. All of these new fields are SM sin-
glets. A summary of the new particles and their charges
is presented in Table I.
We postulate that these Lagrangians accommodate the
usual canonical kinetic terms
Lds ⊃ 12F
(
i/∂ −m)F + 12n (i/∂ −MR)n
− 12S
(
+m2S
)
S − 12ΦΦ
− 12X
(
+m2X
)
X . (2)
The cosmologically relevant dimension-four interactions
are given by
Lds ⊃ 12gSFSF + 12gSnSn+ 12gXFXF − V[S,Φ] . (3)
Here we note that since the model is based on purely
phenomenological reasoning, couplings that do not ap-
pear are assumed to be weaker than feeble ones. The
last part of the dark sector is a scalar potential V[S,Φ]
that enables a phase transition in the proposed sector;
hence
V[S,Φ] = `4
(
Φ2 − v2)2 + x4 Φ2S2 , (4)
where v is a real parameter.
The communication between the dark sector and the SM
is achieved via the sterile neutrino bridge
Lnb = iyL¯σ2H∗n+ H.c. . (5)
All mass parameters are positive. Finally, the theory
should contain a Majorana mass mL for the SM neutrino
to accommodate the final observed neutrino mass, mν ,
after a hybrid-type seesaw (type I+II); for a gauge-
invariant implementation see Ref. [13].
We now justify the new particles and interactions ap-
pearing in Lds and Lnb.
The dark matter is assumed to be a SM singlet repre-
sented by a Majorana fermion F . We choose F to be a
n
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FIG. 1. The Yukawa couplings introduced in the extension to
the Standard Model.
Majorana fermion, instead of a Dirac one, just to have
a more minimal model; but, in principle, both Majo-
rana and Dirac fermions admit similar properties during
the thermal evolution of the theory and thus would be
equally good candidates. The construction of the dark
sector ensures stability of the dark matter particles, since
an accidental Z2 symmetry on the F field arises.
In order to solve the large- and small-scale problems
of the ΛCDM cosmology, we introduce Yukawa interac-
tions between the dark matter field and the SM singlet
real scalars S and X. The interaction mediated through
S provides the self-interacting nature of this theory that
solves the small-scale problems, while the late decays of
the X particles lead to the desired dark matter relic den-
sity.
As already mentioned, a further SM-singlet sterile neu-
trino n is postulated in Eqs. (2), (3), and (5). The mo-
tivation behind it is the following: we want the dark
sector to couple solely to neutrinos at tree level, and
not to charged leptons. This poses a potential problem,
because it violates the gauge group of the left-handed
fermions. The sterile neutrino mass could be generated
through some dark Higgs model with vacuum expectation
value vd, so that MR ∼ v2d/MF˜ , where F˜ is some heav-
ier fermion field, such that before the electroweak phase
transition the fermionic current is conserved. However,
a precise derivation of the origin of this mass is beyond
the scope of this paper. The sterile neutrino n is repre-
sented by a Majorana fermion and is coupled to the SM
neutrinos in the usual manifestly gauge-invariant way in-
troduced in Ref. [14] with coupling y as shown in Eq.
(5).
Figure 1 shows the Yukawa interactions between the most
important new particles in the dark sector.
The communication between the dark sector and the
standard model is then achieved through the gauge-
invariant Yukawa portal given in Lnb. For simplicity, we
include in this work only one lepton generation, as the
generalization to all generations is straightforward; more-
3ν
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FIG. 2. After the electroweak phase transition the coupling
gν in the effective theory description (EFT) is obtained.
over, we ignore the presence of the Pontecorvo-Maki-
Nakagawa-Sakata matrix. Let us stress already that the
sterile neutrino bridge constitutes the longest-lived com-
munication channel between the dark matter and the
SM neutrinos. After diagonalizing the neutrino mass
matrix, we obtain the Majorana mass eigenstates de-
fined by the corresponding eigenstates of the p2 Casimir.
With some abuse of notation we call them n and ν with
masses MR and mL − Y 2/2MR respectively, assuming
that mL, Y MR, Y ≡ yv and v ≡
√
2〈H〉.
In other words, the dark sector induces an effective
coupling g
ν
between the S field and the SM neutrinos
after the electroweak phase transition
gν
2 S νν (6)
with (gν )
1/2 = (g¯
S
)
1/2 (
δr +O(δr2)), using the abbrevi-
ation δr ≡ Y/√2MR. This mechanism accommodates
naturally effective microcharges between the SM neutri-
nos and the S bosons. Figure 2 shows the step from the
coupling gS to the effective coupling gν . The above effec-
tive description is valid at energies below the rest mass of
the sterile neutrino n, where this field can be integrated
out. It is this effective coupling gν that is responsible
for the late decoupling regime between the dark matter
particles and the SM neutrinos and for the correct cutoff
masses of the protohalos alleviating the “missing satel-
lite problem” and addressing positively, together with the
dark matter self-interactions, the “cusp vs core” and the
“too big to fail” issues.
More precisely, in order to solve the small-scale struc-
ture problems efficiently and simultaneously bypass all
strong neutrinophilic constraints [8–10], a phase transi-
tion in the dark sector should take place, after the proto-
halo formation. The most minimal realization is achieved
after adding an additional d.o.f.; nevertheless, more so-
phisticated solutions (for example hidden global or local
symmetries) could also lead to the desired results, but
since V[S,Φ] works well, we can keep it as it is. There-
fore, we include in the spectrum the real scalar field Φ,
which is solely coupled to the singlet S quadratically.
Such a scalar potential enables a first-order phase tran-
sition at times after big bang nucleosynthesis and could
potentially change the mass of the S boson significantly.
Furthermore, we denote the temperature of this phase
transition by Tc and assume Tc  TEW, where TEW is the
temperature of the electroweak phase transition. This is
x
〈Φ〉
〈Φ〉
S
S
SSB
x
Φ
Φ
S
S
FIG. 3. The scalar field Φ is introduced with a quartic cou-
pling to S in order to change the mass of S dynamically by a
spontaneous symmetry breaking with 〈Φ〉 = v.
encapsulated in Fig. 3. For clarity, we denote with a the
scalar field after the phase transition has taken place.
The terms of the effective Lagrangian after the sym-
metry breaking, modulo self-interactions of a, that differ
from the theory before the breaking are
Lds|SB ⊃ − 12S
(
+M2obs
)
S − 12a
(
+m2a
)
a
−x4a2S2 − x2 vaS2. (7)
After the symmetry breaking, a acquires a mass
ma =
√
2`v¯. The singlet boson S admits an observed
mass of Mobs =
√
m2S + xv¯
2/2. This allows us to
write the critical temperature as Tc ≈ m2a/
√
`Mobs
[15], assuming that 2m2S/xv¯
2  1. Note that both
contributions to Mobs, m
2
S and xv
2, are always positive.
Figure 4 gives a summary of the newly introduced
particles and the relations between them.
Before concluding this section, we present the proposed
mass spectrum. We assume the following mass hierarchy
in the dark sector:
mX MR > m, mh Mobs  mS ,ma,mν . (8)
For the purpose of this work, we decided to remain agnos-
tic about the origin of the initial boson and dark matter
masses and, although achievable, a self-consistent com-
pletion of the dark sector is certainly beyond the scope
of this paper. Such an arrangement allows various de-
cays, like for example n→ hν, S → νν, X → FF . Note
that the relation of ma with the other masses appears as
a natural consequence of requiring a consistent thermal
evolution of the theory. Furthermore, the mass of S be-
fore the symmetry breaks, mS , can be thought of as a
t-channel regulator in order to simplify the calculations.
III. CROSS SECTIONS AND DECAY RATES
This section is devoted to the presentation of cross sec-
tions and decay rates relevant for particle physics and
structure formation processes in the primordial Universe,
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FIG. 4. A representation of the proposed extension to the standard model. The labels on the arrows explain the purpose
of each (effective) interaction. Orange colored bubbles indicate that the particle decays, while green colored ones are stable.
Particles with an accidental Z2 symmetry are colored in light blue, while purple means that the particle was never in thermal
equilibrium with the primordial plasma.
in which the dark sector participates.
It is useful to introduce the dark sector Fermi constant
of the theory of neutrino scattering GD/
√
2 ≡ g
S
gν/4m
2
S .
Annihilation into singlets S implies a sink term in the
dark matter abundance that is characterized by the p-
wave cross section
〈vrelσann〉 = 3
8
piα2
m2
〈v2rel〉 , (9)
where 〈...〉 denotes the thermal average using relative ve-
locities, α = g2
S
/4pi. In principle, if m > MR F ’s anni-
hilate to n’s; however, this possibility is excluded by the
assumed mass hierarchy (8).
Finally, the dark matter abundance is created by X
decays with a rate
ΓX→FF =
g2
X
16pi
mX . (10)
This concludes the brief presentation of the dominant
sinks and sources for the dark matter abundance in the
temperature regime m T  mS , where T is the aver-
age photon temperature.
Elastic scatterings involving dark matter particles de-
termine their kinetic properties and allow to quantify
their deviation from local thermal equilibrium in terms of
viscous processes sourcing entropy production. As men-
tioned above, the longest running channel in this respect
is the one with SM neutrinos as scattering partners. At
temperatures mS  T  mν , and at lowest order in the
Fermi constant, the averaged momentum transfer elastic
cross-section, defined by σT ≡
∫
dΩ(1− cos θ)dσel/dΩ, is
given by
〈vrelσT 〉 = 80ζ(5)
piζ(3)
G2DT
2
(
Tν
T
)2
(11)
after applying the equipartition theorem. Note that in
the above expression all neutrino masses have been ne-
glected. Tν denotes the neutrino temperature. The elas-
tic scattering of S particles to neutrinos is extremely sup-
pressed. Indeed, although one can integrate out the ster-
ile neutrino field to obtain g
ν
for the physical neutrinos,
the internal two-point functions include sterile neutrino
propagators, which are not bare propagators but must be
perturbatively corrected with internal neutrinos. These
rates are suppressed by a factor of g4
ν
for the IR-dominant
part.
The numerical solutions in various regimes of the mo-
mentum transfer cross section for fermions can be found
in Ref. [16] and for the classical limit, mv/mS  1,
we cite semianalytic formulas for the corresponding total
cross sections in different kinematical regimes:
σT ≈
{
2pi
m2S
β2 ln
(
1 + β−2
)
, β . 1
pi
m2S
(ln (2β)− ln (ln (2β)))2 , β & 1 (12)
where β ≡ 2αmS/(mv 2rel). This dependence seems to
be of vital importance in order to resolve small-scale
anomalies that are typically present when structures form
in non-self-interacting dark matter (non-SIDM). Self-
interactions among the dark matter particles can be me-
5diated via X as well. In this case, however, there is no
significant Sommerfeld enhancement.
IV. PARAMETER CONSTRAINTS
We proceed to the discussion of the constraints on the
dark sector arising from particle physics and cosmology.
A. Constraints from particle physics
The dark matter particles F are assumed to be sta-
ble and produced in local thermal equilibrium. Then
partial-wave unitarity of the scattering matrix bounds
the annihilation cross section in the primordial Universe,
which in turn bounds the relic abundance and the uni-
versal mass of the dark matter [17], m < O(300) TeV.
The effective number of neutrino generations as mea-
sured by the Planck satellite implies a lower mass bound
m > O(1) MeV. Note that this bound holds precisely for
the dark matter introduced in the dark sector, since it is
kept in local thermal equilibrium for an extended period
via elastic scatterings with SM neutrinos. A priori there
are no such bounds on the sterile neutrino mass MR or
on the masses mS ,mX , other than the imposed mass hi-
erarchy (8). Lower bounds on these mass parameters do,
however, arise in scenarios where the sterile neutrinos
and the dark bosons are kept in local thermal equilib-
rium with the SM neutrinos after their respective kinetic
decoupling from other SM species. An extensive list of
a variety of constraints on lepton-boson interactions can
be found in Ref. [5].
Let us turn to the particle physics constraints on the
dark sector couplings. The couplings g
S
, g
S
and g
X
are
assumed to respect the perturbative domain. In addi-
tion the coupling in the Yukawa bridge is bounded by
Y 2/2MR ∼ mL . 5 GeV [13]. Accordingly, in this work
we set the upper bound α ≤ 1/2, which in turn implies
an upper bound on m ≈ 1.5 TeV, as will be shown below.
Note that the dark sector does not facilitate a coupling
between the dark bosons and charged leptons. Therefore,
g
ν
is only subject to restrictions arising from the three-
body decays of Z0, W± and from the K± decays, al-
though such constraints are less tight than those coming
from cosmology. Furthermore, we anticipate that such
constraints should not be as strong as the light vector-
neutrino interaction bounds [8], due to the absence of a
longitudinal contact term.
Consider the invisible three-body decay Z0 → ννS
with rate ΓZ0→ννS ≈ 0.18 GeV g 2ν (Nν/3) for an ob-
served S-boson mass parameter of O(10) MeV. The ex-
perimental error on Z0 decays is 0.0023 GeV [18]. This
allows to constrain the effective neutrino coupling by
g
ν
≤ 0.12/√Nν . The result does not depend strongly
on Mobs. Note that if S decays sufficiently fast, then the
four-body decay Z0 → 4ν is dominant, which lightens
the previous constraint. The dark sector allows the de-
cay W → νeS as well. The experimental error on the
decay of charged electroweak gauge bosons is 0.042 GeV
[18]. For Mobs ∼ O(10) MeV this implies gν . O(1),
which is not a significant constraint in our context. Fi-
nally, the constraint on the effective neutrino coupling
arising from K± decays is more restrictive. In addition
to the standard decay K → νµ, the channel K → νµS
is available as well. For masses mS of order O (10) MeV
and energies between 165.5 and 205.5 MeV for the out-
going muon, the relative rate is almost constant and can
be explicitely written [19] as
ΓK→νµS
ΓK→νµ
= 7.4× 10−4g 2
ν
. (13)
The experimental bound on this ratio is 3.6× 10−6, im-
plying a bound on the effective neutrino coupling gν ≤
7× 10−2.
Note that, contrary to the situation analyzed in Ref.
[8], there is no constraint from the elastic νe→ νe scat-
tering, since the dark singlets in the dark sector are de-
coupled from charged leptons at tree level. Additional
bounds on g
ν
due to lepton number violation and mesonic
decays are computed in Ref. [9]. However, they are less
tight than the cosmological constraints, which will be
discussed in the next section. Since gν . 0.12/
√
NL and
Γel ∼ NLg2ν , the extremal result for Γel does not depend
on the actual number of neutrinos coupled effectively to
the singlet boson; however, if NS denotes the number of
identical S bosons which are present, then gν scales with
1/
√
NS . Further bounds on self-annihilation thermal av-
eraged cross sections of F ’s to neutrinos can be found in
Ref. [20].
B. Constraints from cosmology
In this part, we study the constraints on the couplings
x, g
ν
and g
X
, which arise from astrophysical observables.
The desired value of Mobs lies in the sub-GeV/
multiple-MeV interval in order to solve the small-scale is-
sues. Furthermore, mS should lie in the (sub-)keV range
to enable a late kinetic decoupling. Therefore, we dis-
cuss only the case, where the phase transition in the dark
sector takes place after the kinetic decoupling of the F
particles from the neutrinos; otherwise, the relevant in-
teractions are highly suppressed. When the condensation
of Φ happens after Tkd ∼ O(102) eV, the S particles an-
nihilate rapidly to a particles, as long as ma  Mobs.
We demand that at the phase transition S and Φ are
in local thermal equilibrium. This condition implies the
following constraint for the coupling strength between Φ
and S:
x & 10−13
(
Tc
100 eV
)
. (14)
If the mass parameters ma and mS of a and the S bosons
respectively were below O(1) MeV, the presence of these
6particles in the primordial plasma would modify big bang
nucleosynthesis. Furthermore, if these mass parameters
were close to the temperature of the primordial plasma at
recombination, the cosmic microwave background radia-
tion would carry a fingerprint of the dark sector. How-
ever, if the light particles of the dark sector and the neu-
trinos freeze in after the end of big bang nucleosynthesis,
at around 30 keV, the impact is minimized. This leads
to a conservative upper bound for the effective neutrino
coupling g2
ν
. 10−12 using the IR-dominant part of the
elastic cross sections in the absence of a fundamental cu-
bic scalar interaction in the dark sector. Furthermore,
an important bound of gν & 1.6× 10−6MeV/Mobs arises
for Mobs ∼ O(1) MeV, as computed from the luminosity
and deleptonization arguments regarding the observation
of SN1987A in [10]. In this model values of Mobs ≈ 50
MeV alleviate the cusp vs core and the too big to fail
problems together with a suitable set of {m, g
X
}. There-
fore, the final constraint on gν reads 10
−15 . g2
ν
. 10−12.
Taking the saturation limit of this relation, the effective
neutrino coupling can be eliminated as a free parameter;
hence, we consider a typical value of g2
ν
= 10−13 in this
work.
For simplicity we assume that the light dark sector par-
ticles are in local thermal equilibrium after big bang nu-
cleosynthesis and before the phase transition takes place.
After the condensation of Φ, the dark a emerges as a
massive propagating d.o.f. The metastable massive a’s
contribute to the energy density of the Universe by a
factor of Ωah
2 ≈ ma/300 eV. Nevertheless, the condi-
tion that Ωah
2 be small enough is easily fulfilled, since
ma lies well below the eV scale.
Since the scalar field Φ couples directly only to the
S boson, we turn our attention to the properties of the
interactions between S,Φ and the standard model. To
test the above construction, we calculate the deviation
of the effective neutrino d.o.f., which parametrizes the
energy density of the Universe, in different periods of its
evolution. This is encapsulated in the following defini-
tion, assuming that the neutrinos already decoupled at
TνD = 2.3 MeV [21],
∆Neff |BBN = Nν ρS+Φ
ρν
. (15)
ρi is the equilibrium energy density of the ith particle
species with initial conditions defined at TνD and includ-
ing all available d.o.f. This number is important because
it parametrizes the cosmic energy budget and can there-
fore be probed with high precision. Let us introduce the
abbreviation ε|TνD ≡ (TS/Tν)3.
Examining the parameter space we find that a com-
mon value of ε ∼ 0.1 is compatible with big bang nu-
cleosynthesis [22] and cosmic microwave background [23]
1σ measurements. Indeed one obtains ∆Neff |BBN ≈ 0.05
and ∆Neff |CMB ≈ −0.02 assuming that Tc > Trec.
This may also explain the recent tension about the
decrease of the deviation of effective neutrino number
from BBN to CMB-based measurements. A difference
∆Neff |CMB − ∆Neff |BBN < 0 is possible in the under-
lying theory. However, if Tc < Trec and at the same
time all light d.o.f. are not in local thermal equilib-
rium with neutrinos at the recombination period, then
∆Neff |CMB ≈ 0.05; therefore, for optimal big bang nucle-
osynthesis/cosmic microwave background compatibility
the phase transition is should happen before the recom-
bination period with all light particles in local thermal
equilibrium. Moreover, we make the bound less tight by
demanding that Neff + ∆Neff . 3.5 [4, 23]. This sets an
upper bound to the number of singlet bosons, NS ≤ 8.
It is crucial that the S boson should decouple from the
primordial plasma early enough, when all or almost all
the d.o.f. of the standard model are accessible. Quan-
titatively this means that the S-boson decoupling from
the SM plasma should take place before the QCD phase
transition, Tfreeze−out > TQCD, to obtain an allowed value
of ε . 0.2. This corresponds to a lower bound for MR
with respect to the couplings of the theory. We obtain
up to O(1) factors,( gν
10−6
)( g¯
S
1
)(TeV
MR
)
. O(1) . (16)
In other words, light dark scalar bosons went through
kinetic decoupling from the SM species at temperatures
TS D  TνD due to their IR-suppressed part of the cross
section for elastic scatterings with SM neutrinos. For
instance, TS D = O(106)TνD for MR = O(10) TeV, g¯S =
0.05 and g2
ν
≈ 10−13. In this example kinetic decoupling
from the SM species happens at TSD ≈ 0.5 TeV.
The above discussion does not involve masses larger
than TνD and as longs as τS  τBBN no particular con-
straints arise. It turns out that the kinetic properties
of the dark sector depend on the mass of the light dark
bosons relative to the neutrino decoupling temperature,
as will be worked out in great detail in the next section.
Anticipating distinct kinetic regimes, the dark sector will
be referred to as model DSM1 if mS ≤ O(1) keV TνD,
and as model DSM2 if mS > TνD. Let us briefly turn
to DSM2 and consider the modification of the effective
neutrino d.o.f. in this case,
∆Neff =
60
7pi4
∞∫
xSBBN
dz z2
√
z2 − x 2SBBN
exp(z)− 1 , (17)
where xSBBN = mS/TBBN. As an example, for mS =
10.5 MeV we obtain Neff = 3.15, which matches perfectly
with the value inferred from the Planck measurements
[23]. At the 2σ level, these also impose a lower bound
for the mass of the light dark bosons of mS > 3.5 MeV.
In other words, the light dark scalar bosons in DSM2
are roughly 6 orders of magnitude heavier compared to
those in the DSM1 model. In the next section it will
be shown how this renders DSM2 less attractive from a
phenomenological point of view.
Finally, the feebly interacting massive boson X should
have a decay channel into dark matter flavors after chem-
ical decoupling at xf , and this channel should close before
7the epoch of big bang nucleosynthesis. Using the corre-
sponding decay rate (10), the following interval for the
coupling of the massive scalar X to the dark matter can
be inferred:
4× 10−5
(
TνD
2.3 MeV
)( g∗
10.75
)1/4
.
(
g
X
3× 10−10
)(mX
PeV
)1/2
.
(
30
xf
)( g∗
108.75
)1/4 ( m
TeV
)
, (18)
where g∗ counts the effective d.o.f. in the primordial
plasma. This concludes the discussion of the coupling
constraints.
V. COSMOLOGICAL OBSERVABLES
In this section we calculate the relic abundance of the
dark matter candidates in the spectrum of the dark sec-
tor, their kinetic decoupling temperature, both for DSM1
andDSM2, and evaluate the characteristic damping scales
implied by kinetic decoupling and free streaming of the
dark matter candidates together with their cross sections
for self-interaction. Collisional and collision-free damping
impact structure formation and determine the properties
of the typical first protohalos. Finally, we investigate
whether the dark sector allows to resolve challenges for
ΛCDM posed by the formation of cosmic structure as it is
observed. In this paper, we neglect a possible second pe-
riod of dark matter annihilation and the possible forma-
tion of dark matter bound states [6]. Alternatively, one
can consider out of equilibrium dark matter production
from late decays. We are only interested in investigating
the possibility of the existence of a simple field theoreti-
cal model, which alleviates the large and small structure
problems. We note that all temperatures are given in the
photon plasma frame, unless stated differently.
A. Dark matter relic abundance
Let us first assume that the F fields are the dominant
dark matter population, with annihilations into light sin-
glet bosons as the dominant sink for this population to-
wards chemical decoupling. α is fixed by requiring that
the observed relic density is correctly retrieved in the un-
broken phase. The defining equation of the dark matter
distribution function f(p(t)) per d.o.f. of the underlying
field in a Friedmann-Robertson-Walker universe yields
(L− C)[f ](p) = 0 (19)
where L := p0(∂t − Hp · ∇p) is the Liouville operator,
which gives the change of f with respect to an affine pa-
rameter along a geodesic, and C is the collision term.
We can simplify the Boltzmann equation by taking all
the participating particles up to the dark matter ones to
admit equilibrium thermal distributions. The Boltzmann
equation for nonrelativistic chemical decoupling leads to
the change of the number density n of dark matter parti-
cles per entropy density s, denoted by Y , with respect to
the temperature T ≡ m/x according to the Riccati-type
equation,
dYF
dx
= −E
x`
(
Y 2F − Y eq 2F
)
, (20)
where the efficiency is given by E ≡
s(x)〈vrelσann〉/H(x) |x=1, and ` = 3 for p-wave an-
nihilations, assuming approximately massless final states
[more precisely mS/(m/x) 1]. We define the chemical
freeze-out value xf by demanding that
〈vrelσann〉 neqF (xf) != H(xf) . (21)
The exact solution of this equation is given in terms of the
Lambert-W function, but a sufficiently good approxima-
tion can be found iteratively. Already after one iteration:
xf = ln (C)−
1
2 ln (ln (C))
1 + 12 ln
−1 (C)
,
C =
√
45
32
2MPl m√
g∗(Tf)〈vrelσann〉−1 |x=1 . (22)
This assumes that the number of relativistic d.o.f. varies
slowly with the temperature towards chemical decou-
pling. Inserting Eq. (22) into Eq. (20), the differential
equation for YF can be solved numerically for the cou-
pling constant α. Requiring that nF (xf) neqF (∞), and
in the absence of feebly couplings, we obtain for the relic
abundance of the dark matter population as a function
of m and α,
ΩFh
2 ≈ 0.12
( α
0.1
)−2 ( m
TeV
)2
. (23)
The self-annihilation cross-section σann is well below the
experimental sensitivity [20]. Note that Eq. (23) has
been obtained assuming g
S
 gν in order to neglect an-
nihilations into SM neutrinos. We also included the Som-
merfeld effect [7], which gives corrections of O(1) to the
above result.
Let us stress that the constraints and the relic abun-
dance (23) fix g
S
completely. However, in both models in
order to resolve the missing satellite problem, typically
larger values of α are needed for such masses; as a conse-
quence, a different (primary or subsidiary) mechanism to
populate the dark matter is required, which is still com-
patible with the framework above. The only option left
in the dark sector is to depart from the WIMP scenario
8g
X
m
X
P
e
V
ΩF
h
2
IceCube
10
−8
10
−9
10
−10
10
−11
10
−12
10
−13
10
−14
10
−15
106
104
102
10
0
10−2
10−4
10−6
m
X
P
e
V
m
X
P
e
V
FIG. 5. Constraints on the relation between the coupling
constant gX and the mass of the heavy scalar X. The shaded
region represents the parameter space allowed by Eq. (18),
while the solid curve comes from the condition for the correct
relic density given in Eq. (25). The dashed line represents
the recent IceCube measurements of ultra-energetic neutrinos
in the PeV regime. A dark matter mass of m = 1 TeV is
assumed.
as the exclusive dark matter production mechanism and
consider the out of equilibrium decay of the heavy scalar
X. The number of X particles per entropy varies with
the temperature T = mX/x as described by
dYX
dx
≈ 3
8pi5
√
5
pi
MPlΓX→FF
g
3/2
∗ (Tf)m 2X
x3K1(x) , (24)
where K1 is the modified Bessel function of the second
kind with index one. The ` = −3 behaviour is a charac-
teristic property of models with feebly interacting mas-
sive particles (FIMPs). From this we find for the F relic
abundance,
ΩFh
2 ≈ 0.12
(
g
X
8× 10−11
)2(
114
g∗(Tf)
)3/2
×
( m
TeV
)(PeV
mX
)
. (25)
It is very promising that this scenario, for values of
g
X
& 10−9, is perfectly compatible with the constraints
on the g
X
coupling (18), as can be seen in Fig. 5. Con-
cluding, in the presence of multiple heavy bosons, smaller
couplings are needed, which allow smaller dark matter
masses for higher values of mX due to Eq. (18). The
same can be achieved after using Dirac fermions for F
and/or upgrading X to a vector boson.
B. Decoupling temperatures
As calculated above, chemical decoupling of the dark
particles happens long before the SM neutrinos decou-
ple. However, this is not the case for the cease of efficient
momentum exchange: the kinetic coupling of dark mat-
ter to neutrinos is active much longer. In order to have
a phenomenologically viable scenario, kinetic decoupling
should be scheduled for times long after big bang nu-
cleosynthesis, but still before the ∼ 100 eV epoch, due
to the constraints from the Lyman-α measurements [24].
We use simply the constraints from the general overview
[3] and not the most recent ones [25], since such con-
straints are described as overly restrictive; see Ref. [26].
A rough but sufficiently accurate estimate for the tem-
perature Tls of the typical last elastic contact between
the dark matter and the SM neutrinos, which repre-
sents the longest active communication channel, is ob-
tained by equating the corresponding elastic scattering
rate Γel ≡ 〈vrelσel〉neqν with the Hubble expansion rate.
For example, assuming three generations of SM neutrinos
and mS < O(1) keV, we find Tls ≈ Teq, where Teq de-
notes the temperature of matter-radiation equality. This
characterizes the typical spatial hypersurface from which
dark matter enters the free-streaming regime.
Tkd is the temperature at which the dark sector kinet-
ically decouples from the standard model, when the elas-
tic interactions between the dark matter particles and
the neutrino generations cease to sustain local thermal
equilibrium [27]. In model DSM1 it depends on the pa-
rameters {g
X
,mS ,m, gν}. Hence, the temperature at ki-
netic decoupling is not completely fixed by the relic dark
matter abundance. Moreover, these parameters allow to
accommodate other constraints, like the one on 〈σT /m〉,
to address the cusp vs core problem.
We note that Tkd is not very sensible to small changes
of mS < O(1) keV, but it changes rapidly with respect
to deviations of the neutrino effective coupling. Numeri-
cally, using the rate of the averaged momentum transfer
elastic cross section as in Ref. [5] and equating it to the
Hubble rate, we obtain Tkd . 0.6 keV and at the same
time the variable set {g
S
,m,mS , gν} fulfills all previous
constraints. If a larger value of α is needed, then the
FIMP scenario comes into play and cures this issue. An
elegant instantaneous kinetic decoupling can be achieved
by setting the critical temperature equal to the desired
Tkd.
C. Damping Scales
Eventually, around a temperature Tkd, elastic scat-
tering processes between dark matter and SM neutrinos
happen too infrequently to sustain local thermal equilib-
rium. Since the neutrino abundance is much larger than
the dark matter one, every nonrelativistic dark matter
particle will interact a huge amount of times with the
relativistic neutrinos until the time of kinetic decoupling.
On the other hand, hardly any neutrinos will ever interact
with a dark matter particle. Around 1010 interactions be-
tween dark matter and neutrinos are needed for a O (1)
momentum transfer. This is easily achieved since the
abundances of the two types of particles are so different
9from each other and since there is a long enough period
of time until kinetic decoupling [28]. For this reason, any
structure smaller than Md = (4pi/3)ρm(Tkd)/H
3(Tkd)
will be destroyed before Tkd [29]. We thus find the fol-
lowing estimate of the characteristic damping mass:
Md ≈ 2.7× 108 g∗ s(Tkd)
g
3/2
∗ (Tkd)
(
keV
Tkd
)3
M , (26)
where g∗ s(T ) and g∗(T ) denote the effective number of
relativistic d.o.f. contributing to the entropy and energy
density at temperature T respectively.
A relevant independent quantity is the free-streaming
length of dark matter particles [30]. However, we expect
that the acoustic damping is much more efficient than
free streaming for very late decoupling temperatures,
since the latter has a 1/T
3/2
kd dependence in contrast to
the 1/T 3kd dependence of Md. The mass of the small-
est possible protohalo, that could be formed, is found by
taking the largest of the above two masses. A possible so-
lution to small-scale abundance problems of ΛCDM cos-
mology, i.e. the missing satellite problem, can be found
after suppressing the power spectrum at scales as large as
that of dwarf galaxies [31], which is provided by damping
masses of order log10 [Md/M] & 9 and not larger than
∼ 1010M as stated in Refs. [3, 5, 24, 31, 32]. For a
thorough discussion see Ref. [33]. It should be clear that
if a stronger upper bound is activated, then it is much
easier to find a common parameter set to achieve such
kinetic decoupling temperatures; nevertheless, we do not
examine such a case in this work.
In modelDSM1, the mass scale of acoustic damping [34]
can be easily fixed at 1010M. In model DSM2, the cut-
off masses are much smaller, namely we approximately
obtain MdDSM2 ≈ 5× 103M. These values are far from
promising. Although they allow protohalo masses that
are not excluded by current collider and direct search
constraints, they do not provide a solution to the miss-
ing satellite problem. We note that for neutralinos in
the minimal supersymmetric SM the predicted masses
are around the Earth’s mass [30]. Such masses are well
below the masses that the current numerical simulations
studying the large-scale structures can resolve [28].
Concluding, we notice that the model DSM2 is ruled
out by astrophysics, if one assumes that the astrophysical
constraint of order 9 is actually the lower bound. This
does not alleviate the enduring missing satellite prob-
lem respecting the Planck measurements as stated in Ref.
[31]; in other words, at least mS < O(1) keV is needed
in order to generate masses near 1010M, which leads
us to model DSM1. The FIMP scenario in DSM1 makes
almost the whole parameter set {g
S
,m} accessible, and
hence one can always obtain MdDSM1 ∼ 1010M. On
the contrary, a dominant WIMP production mechanism
fails to deliver the necessary values of g
S
. Therefore, the
missing satellite problem is easily solved for the FIMP
case for sub-keV mediators, by considering for example
m = 300 GeV, mS = 0.1 keV and α ≈ 0.1 or m = 1 TeV,
mS = 10 eV and α ≈ 1/pi. All effective neutrino cou-
plings are in perfect accordance with Ref. [10]. Alter-
natively, tuning Tc, we assure that an instantaneous late
kinetic decoupling at the desired temperature Tc ≈ Tkd
takes place.
D. Effects of SIDM cross sections on dwarf galaxies
The final test of the dark matter models is given here:
we investigate whether this parameter set supports no-
ticeable effects on dwarf galaxies. As we mentioned be-
fore, the SIDM elastic cross section in galaxy clusters
should lie within a constrained range of values. Quan-
titatively, the cross section for elastic scatterings be-
tween the dark matter particles should lie in the interval
〈σT /m〉vtherm ∈ [0.1, 10] cm2g−1 [6] to resolve the cusp vs
core problem as shown in Ref. [35], where the indicated
average is taken with respect to a Maxwell-Boltzmann
distribution with vtherm = O(10−4) as the most proba-
ble velocity (or around 10−2 for massive clusters). For a
detailed analysis see Ref. [36].
Exploring the parameter space of this family of mod-
els, we find that the values of SIDM elastic cross sections
in model DSM2 are of the desired order, ∼ 0.5−1 cm2g−1
at dwarf scales. Therefore, after setting x, g
X
and ` to
zero without loss of generality, no further modification of
the dark sector is needed. However, sub-keV mediators
need either µ-dark matter charges or multi-TeV values of
m [16]. Both possibilities are strictly excluded, as found
previously, due to the previous constraints, thermal evo-
lution or perturbation theory. Therefore, in model DSM1,
as we mentioned before, we make use of the scalar poten-
tial, which should admit a phase transition at Tc . Tkd.
This does not have an effect on the damping masses, but
cures the SIDM values automatically. For the relevant
subspace of parameters, the obtained values can stay al-
ways inside the constrained interval as one sees in Ref.
[16]. The SIDM cross-sections between 0.1 − 10 cm2g−1
are easily accessible for values of DM resonances in the
sub-TeV/TeV range together with sub-GeV mediators.
These results are in line with the maximum circular ve-
locities observed and the values affecting dwarf galaxy
scales [6]. For example, for the previous parameter set
considering the FIMP scenarios with m = 0.3(1) TeV, a
value of Mobs = 5(3) MeV leads to the thermal averaged
SIDM cross section values & 1.0 cm2g−1 at the dwarf
scales and . 0.1 cm2g−1 at cluster scales providing at the
same time potential solutions to all enduring small struc-
ture problems of the ΛCDM model, as stated in Ref. [36].
We stress that most of the parameter space from Fig. 3
in Ref. [37] is accessible in DSM1 (FIMP scenario); for ex-
ample, m ≈ 20 GeV, α ≈ αem and mS ≈ 10 keV lie inside
the desired SIDM interval and provide Md ≈ 1010M.
Finally, we note that after choosing the parameters to be
m ≈ 1 TeV, α ≈ 1/pi, mS ≈ 28 eV and Mobs ≈ 3 MeV,
leading to Tkd ≈ 420 eV, we are able to reproduce the
ETHOS-4 model [2], which is cosmologically compatible
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and solves the missing satellite issue, the too big to fail
problem and the cusp vs core problem.
VI. THE UNDERLYING SPECTRUM
In the present section we examine the resulting spec-
trum of the theory, which is able to provide solutions to
the ΛCDM problems.
Besides the stable F , both the bosons and the sterile
neutrino decay. In addition, for perturbative couplings
g¯
S
/5 = y = 1/10 and g2
ν
= 10−13, the sterile neutrino
admits a mass MR ≈ 20 TeV and δr ≈ 10−3. For
this parameter set one finds that the S-singlet decouples
from the SM-neutrino plasma at very high temperatures,
around m,MR , due to the tiny value of the effective
neutrino coupling g
ν
; at that time almost all the d.o.f. of
the standard model are relativistic. This means that S, Φ
and X freeze out early enough and there is not much time
left for them to achieve local thermal equilibrium with
neutrinos, which relaxes the strong constraints on Mobs
from Planck measurements [12]. This is a unique feature
of this family of models, since the S interactions at tree
level include two-point functions of F ’s or n’s, which at
the zero-momentum limit are severely suppressed due to
the large masses, m and MR. Furthermore, the mass of
a is of order ma ∼ µeV.
Recently, the IceCube Collaboration published results
about extraterrestrial ultra-energetic neutrinos, i.e. Bert,
Ernie [38] and Big Bird with approximate energies in
the PeV regime. We could easily accommodate these
observations in DSM1: X admits a mass of mX = 1 PeV
together with a minimum DM mass of m = 300 GeV;
additional FIMP sources, i.e., more than one heavy X
boson, allow lower values of m due to the constraints
on the g
X
coupling (18). We stress that this parameter
set still resolves all three sub-scale structure problems
simultaneously after Tc, delivering damping masses and
SIDM cross sections of the desired order, together with
the predicted value of ΩCDM.
VII. CONCLUSION
In this work we presented a proof of existence of
a purely phenomenological model, which resurrects the
neutrinophilic theory solving the dark matter large- and
small-scale problems, while respecting the experimental
bounds and the standard model symmetries. To the best
of our knowledge, there is no model which uses SM neu-
trinos as the last scattering partner for CDM. The pro-
posed model admits only dimension-four operators, re-
spects all cosmological and particle physics constraints
and alleviates the small-structure problems of the ΛCDM
cosmology.
We introduced a singlet family of purely neutrinophilic
dark matter models using SM neutrinos as dark radia-
tion, thus proving that neutrinophilic theories are not
over. The proposed dark sector interactions work as an
extension of the SM of particle physics, while respecting
the SM symmetries. We computed astrophysically im-
portant observables (cross sections and decay rates) in
this framework and we presented and explained a list of
constraints on the parameter space emerging from the
particle physics and cosmological nature of the models.
Finally, we estimated the chemical and kinetic decoupling
and last scattering temperatures and we determined the
relevant smallest protohalo masses. These masses are far
above the Earth’s mass produced by the usual WIMP
models. The derived Md alleviates the “missing satel-
lite” problem and together with the SIDM cross sections
provides a clear solution to the cuspy profile and massive
subhalos issues of ΛCDM simultaneously.
In particular, the sterile neutrino works as the gauge-
invariant bridge between the standard model and the
dark sector. It couples the SM-neutrino species to the
stable dark matter candidate, F , with a strength compat-
ible with particle physics constraints. Out-of-equilibrium
decays of the heavy X-bosons achieve the required relic
abundance of dark matter. The “missing satellite” prob-
lem is alleviated by the light singlet S and the late de-
coupling properties of the SM neutrinos. The “cusp vs
core” and the “too big to fail” issues are solved after the
condensation of the scalar Φ happens.
It is worth noticing that in this model the strongly
constrained SU(2)L violating ν −S coupling arises natu-
rally as an effective interaction. Furthermore, the case of
a simple dominant WIMP production mechanism does
not solve all the problems simultanesouly and is ruled
out, as we showed, at least in the perturbative regime
of the coupling constant α. Nevertheless, the FIMP
scenario is able to alleviate all small-scale issues of the
CDM paradigm. In addition, both dark matter produc-
tion schemes provide excellent big bang nucleosynthe-
sis/cosmic microwave background compatibility. There-
fore, ΛCDM models are still viable and seem more at-
tractive in this neutrinophilic perspective.
The straightforwardness of this phenomenological
model is intriguing. In future works we hope to return to
this model, investigate the possibility of a more minimal
construction and consider different spectrum hierarchies.
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